Allgrove syndrome or triple A (3A) syndrome is a multisystem disorder which classically involves the triad of esophageal achalasia, alacrima, and adrenal insufficiency due to adrenocorticotropin hormone insensitivity. It follows an autosomal recessive pattern of inheritance and is associated with mutations in the AAAS (achalasia-addisonianism-alacrima syndrome) gene. Since its first description in 1978, the knowledge on clinical and genetic characteristics has been expanding; however, the current literature is limited to case reports and case reviews. Early recognition of the syndrome is challenging, given the rarity of the condition and high phenotypic heterogeneity even among members of kin. The coordination of care for these patients requires a multidisciplinary team of specialists, including endocrinologists, neurologists, gastroenterologists, ophthalmologists, developmental specialists, dentists, geneticists, and surgeons. In this review, we aim to summarize the current recommendations for the diagnosis, management, and follow-up of patients with 3A syndrome.
Introduction
Triple A (3A) syndrome or Allgrove syndrome is a multisystem disorder first described in 1978, which classically involves the triad of esophageal achalasia, alacrima, and adrenocorticotropin hormone (ACTH)-resistant adrenal insufficiency. 1 While the complete triad is present in approximately 70% of patients, 2 dysfunction of the autonomic nervous system is also seen in about one-third of the patients, 3 leading some authors to use the term 4A syndrome (achalasia, alacrima, adrenal insufficiency, and autonomic abnormalities). 4 Additional symptoms reported in the literature include other neurological and dermatological manifestations, 5 short stature, microcephaly, osteoporosis, and dysmorphic features. 6 Given this wide array of phenotypes (Table 1) , a genotype-phenotype correlation consequently is yet to be established. 6 The exact burden of this disease is unknown. 3A syndrome has an estimated prevalence of 1 in 1 million, though it has been suggested to be very underreported due to missed diagnosis. 7 This rare autosomal recessive disorder has been linked with mutations in the AAAS (achalasia-addisonianism-alacrima syndrome) gene. The AAAS gene product is a 546-amino acid protein called alacrima-achalasia-adrenal insufficiency neurologic disorder (ALADIN), which belongs to the WD-repeat family of proteins and exhibits wide functional diversity. 8 Allgrove syndrome features great variability in presentation with discordance between phenotypes and genotypes even among members of the same family. 9 Although genetic testing is essential in revealing the final diagnosis, DNA studies are not useful in the prediction of phenotype or prognosis of this disorder. 10 Given that the presence of 2 of the 3 cardinal clinical entities strongly suggests the diagnosis of 3A, the recognition of the clinical syndrome is a challenge at the onset of the disease, when only one presenting symptom is typically observed. Differential diagnosis includes other causes of adrenal insufficiency including familial glucocorticoid deficiency. In adrenoleukodystrophy, similar to 3A, patients may present with impaired glucocorticoid function with minimal or no dysfunction in mineralocorticoid production. Elevated levels of very-long-chain fatty acids in the plasma are pathognomonic. There is a broad differential for neurological symptoms (see the section "Neurology"). Finally, 3A syndrome is sometimes confused with Sjogren symptom when the presenting symptoms are alacrima and xerostomia (see the section "Oral Health").
Long-term follow-up recommendations for patients with 3A are limited, as current literature consists mainly of case reports and case series. With no definitive treatment for the condition, management focuses on individual presenting signs and symptoms. The prognosis of 3A syndrome is highly dependent on early diagnosis in order to prevent life-threatening adrenal crises-a challenging feat given the rarity of the condition and its high phenotypic heterogeneity. Early diagnosis may also prevent unnecessary investigations DovePress and inappropriate treatments. 11 In this review, we present an analytical, multidisciplinary approach for the diagnosis, management, and follow-up of patients with 3A syndrome.
Genetics
In 3A syndrome, approximately 90% of the mutations involve altered genetic modification, leading to a repeat of the AAAS gene on chromosome 12q13. 12 The AAAS gene encodes for a 546-amino acid polypeptide, known as ALADIN, which is involved with signal transduction, RNA processing, and transcription, as well as nuclear pore complex targeting. 8, 9 In addition, the ALADIN gene has been reported to play a role in redox homeostasis in human adrenal cells and to inhibit steroidogenesis. 13 Krumbholz et al have shown that most mutations cause mislocalization of the mutant ALADIN proteins in the cytoplasm, as a result of inhibition of the correct targeting of ALADIN to nuclear pore complexes. 14 High expression of this protein is seen in the adrenal gland, brain, and gastrointestinal tract, the organs in which the main pathologic manifestations of disease occur. 3, 8, [15] [16] [17] [18] Patients with 3A display a variety of homozygous or heterozygous compound mutations, often resulting in a shortened overall protein. 19 In one study spanning 30 years, 47 different mutations were described including 20 splice site or frameshift mutations (43%), 16 nonsense mutations (34%), 10 missense mutations (21%), and one Alu-mediated intragenic 3,2 kb deletion (2%). 11 It is also important to note that while the diagnosis of 3A syndrome could be made on the basis of the molecular genetic analysis of the AAAS gene, some individuals do not present with an AAAS gene mutation, suggesting additional genetic mechanisms involved. 5 Recently two new genes, GMPPA and TRAPPC11, have been associated with "triple-A-like" syndrome phenotypes. 20, 21 Identification of the mutation(s) is important, as there is a 25% recurrence risk in future pregnancies in line with an autosomal recessive mode of inheritance. DNA confirmation in the proband also allows for early identification of currently asymptomatic siblings at risk in order to provide proper monitoring and treatment. 7 Prenatal diagnosis by chorionic villus sampling or amniocentesis, as well as preimplantation diagnosis, is also possible. 7
Achalasia
Achalasia is an esophageal motility disorder characterized by the failure of the lower esophageal sphincter to relax. 22 It is an uncommon disorder with a prevalence of 10 cases per 100,000 individuals. 23 Esophageal achalasia in childhood is rare, with less than 5% of patients presenting under the age of 15 years. 24 Symptoms of achalasia most often include regurgitation, dysphagia, weight loss, and/or failure to thrive. 25 Patients with achalasia may additionally present with pulmonary symptoms, including cough, aspiration, hoarseness, dyspnea, wheezing, or sore throat in up to 40% of the cases. 26 In some cases, rare or recurrent pneumonias have alerted the medical team, triggering further investigations and subsequent diagnosis of 3A syndrome. [27] [28] [29] The exact mechanism of achalasia is not fully understood. Achalasia present in 3A is caused by absent lower esophageal sphincter relaxation and impaired esophageal motility, compared to also rare cricopharyngeal achalasia, which is caused by isolated upper esophageal sphincter dysfunction. The gold standard of diagnosing achalasia is manometry 25 and is established by the presence of aperistalsis in the distal two-thirds of the esophagus and incomplete lower esophageal sphincter relaxation. Signs of dysphagia and regurgitation may be present for years until the diagnosis of achalasia is established, 6 with patients often being misdiagnosed and treated for gastroesophageal reflux. 24, 30 In a retrospective study that analyzed clinical data from children with idiopathic achalasia and patients with 3A syndrome, the presentation of the symptoms was similar among patients. 30 Manometry, however, showed high lower esophageal sphincter pressures more frequently among 3A patients, which was associated with treatment failure. 30 In a retrospective analysis of children with achalasia from various etiologies, children with 3A developed symptoms at a younger age compared to patients that did not have a genetic syndrome or a recognized chromosomal abnormality. 31 However, the time interval from the development of symptoms to diagnosis was significantly longer for 3A patients in comparison and 3A patients were significantly more underweight at the time of the diagnosis. 31 Furthermore, although the treatment outcomes were comparable, children with 3A had significantly less weight gain postintervention, which may indicate that they may represent a subgroup in need of closer follow-up. 31 For those with a presumptive or established diagnosis of 3A, we recommend routine inquiry of symptoms that may be related to achalasia and prompt referral to gastroenterology and surgical specialties when indicated. Heller's cardiomyotomy, medical treatment (calcium channel blockers, botulinum toxin, or nitrates) as well as pneumatic esophageal dilatation have been reported as successful interventions for achalasia. [30] [31] [32] There is no consensus regarding the first line of treatment for achalasia and specific management and follow-up protocols, especially given the rarity of achalasia among the pediatric population. However, there is a tendency for preference of surgical treatment when radical treatment is desired. 32, 33 To reduce the risk of esophageal reflux post Heller's cardiomyotomy, it is suggested to perform a fundopliclation. 34 There is no current literature that suggests deviating from standard practices for achalasia with regard to the management of 3A patients. 31 
Alacrima
Alacrima is consistently reported to be the most common early presenting sign of 3A, although its significance is usually not recognized and medical assistance is not sought until other symptoms develop. 5 It is the most consistent finding, with prevalence reaching >90% of the patients affected. 6, 35, 36 Some case reports have shown that decreased tear production was either present from birth or was noted within the first year of life. 5, 9 In addition, various cases and reports have studied the prevalence of alacrima with relation to achalasia, as achalasia is an extremely rare finding in infancy. 37 It was found that alacrima can be as high as 42% in patients with early-onset achalasia. 37 As lacrimation is under parasympathetic control, it has been suggested that alacrima may be considered part of autonomic dysfunction. 38, 39 Orbital CT scans reveal the absence or decrease of lacrimal glands and a depletion of secretory granules in the acinar cell. 19 The presence of optic nerve atrophy, expressed as optic disc pallor with either delayed timing or reduced amplitude on visual evoked potential, may represent another sign of nerve degeneration. 40 As part of the initial investigation, Schirmer's test confirms the presence of reduced or absent tears. Administration of artificial tears and lubricants help relief the sensation of dryness. If left untreated, alacrima may lead to keratopathy and corneal ulceration. 19 As such, monitoring by an ophthalmologist with visual acuity assessment, ocular surface study, tonometry, and fundus examination is recommended at least yearly. 39 While 3A syndrome is a rare condition, it should be taken into consideration in every child with alacrima. In addition, we would like to stress the importance of routinely inquiring about tear production in order to diagnose and properly manage these complex patients.
Endocrine
Adrenal insufficiency due to deficient glucocorticoid secretion affects up to 85% of patients with 3A and manifests during the first or more rarely second decade of life, 11 but does not appear to be congenital. 6 It is the main cause of mortality among patients with 3A, mostly due to severe hypoglycemia. 41 In most cases, adrenocortical insufficiency manifests acutely as a crisis with associated hypoglycemia and/or hypotension. 19 Alternatively, investigation may commence for recurrent vomiting, hyperpigmentation of the skin and mucous membranes, or developmental delays. 42 A cortisol level at 8 am along with concomitant ACTH should be measured. The expected findings in ACTH sensitivity are low cortisol combined with markedly high ACTH. 43 Confirmation should be established using IV or IM corticotropin stimulation test. 44 When the stimulation test results are conflicting, insulin-induced hypoglycemia may confirm the diagnosis; however, it is not recommended as a first-line test as it is laborious and contraindicated in patients with a history of seizures or cardiovascular disease. 45 The inadequate response of cortisol to administration of glucose in a hypoglycemic state confirms the diagnosis. Though mineralocorticoid deficiency is reported in only a minority of patients, 2,46 concurrent aldosterone and renin levels should be drawn to assess deficiency.
Declining or borderline adrenal function has been detected in patients at the time of diagnosis of 3A syndrome, with normal cortisol levels but elevated ACTH and appropriate cortisol increase after ACTH challenge. 2, 47 In longterm follow-up, however, only some patients eventually develop adrenal insufficiency. 2 Although there are no specific guidelines for the surveillance of patients diagnosed with 3A syndrome, we recommend lifelong follow-up of patients with initial normal or borderline function by an endocrinologist. In patients with adrenal insufficiency, we recommend initial visits every 3 months with hormone and serum chemistry monitoring. For patients that are clinically stable, based on clinical symptoms and laboratory values, we recommend follow-up every 6 months and educating patients and families about symptoms concerning for adrenal crisis. The short-acting glucocorticoid hydrocortisone is the treatment of choice in patients with adrenal insufficiency; however, in some cases, fludrocortisone may also be required. 44 In addition, serum chemistry should be monitored during episodes of acute illness in anticipation of adrenal crisis.
Osteoporosis, confirmed by measurement of low bone density, and presenting as early as childhood, has been reported in sporadic cases. 48, 49 It has been suggested that steroid supplementation alone could not explain the finding. The cause may be multifactorial, given decreased or lack of physical activity and sun exposure due to immobilization in progressive neurological disease, malnutrition secondary to achalasia, and low levels of androgens. 48 As such, patients and families should be counseled on preventive measures, screening, and nutritional supplementation.
Neurology
There is a great variety of neurologic symptoms associated with 3A syndrome that involve the central, the peripheral, as well as the autonomic nervous system. A variety of neurological signs and symptoms have been described (see Table 1 ). 3, 50, 51 In about one-third of patients, autonomic dysfunction symptoms include postural hypotension, abnormal cardiovascular responses and arrhythmias, anisocoria, abnormal pupillary reflexes, impaired or increased sweating, and impotence. 6 While seizures have been described, those are hypoglycemic in origin. 52 In a single case report, a patient with 3A syndrome was found to have Arnold Chiari malformation and syringomyelia, and Bizzari et al suggest screening diagnosed patients with magnetic resonance imaging of brain and spine, even without the presence of neurologic symptoms. 52 The pathophysiology of the neurologic symptoms is not known. When performed, nerve conduction velocity tests typically exhibit axonal motor neuropathy, with selective involvement of the ulnar nerve being characteristic. 53 Few published results on nerve biopsy studies show normal or nonspecific findings. 17, 54 Muscle biopsy results have shown evidence of neurogenic degeneration, 54 nonspecific myopathy process, 55 or mixed pathology. 56 Neurological symptoms typically manifest in the second decade of life and adulthood; however, in some reports, it may be among the presenting symptoms in childhood. 3A syndrome should be part of the differentials in cases of early neurological dysfunction and developmental delay and assessment of adrenal function should be performed. 51, 57 Patients with an incomplete triad and early neurologic manifestations often undergo an extensive workup and are misdiagnosed as juvenile amyotrophic lateral sclerosis, adrenoleukodystrophy, Charcot-Marie-Tooth, spinocerebellar ataxia, spinal muscular amyotrophy, mitochondriopathy, and multiple sclerosis among others. 51, 53 Some evidence has shown that neurological symptoms in 3A syndrome may be slowly progressing, reaching a steady phase in adulthood. 42 Potential symptoms may be debilitating or life-threatening. 12, 54 Glucocorticoid supplementation does not seem to affect the development and course of neurologic symptoms, 43 however, tailored physical therapy sessions may help improve endurance and balance in patients who experience neuromuscular symptoms. 58 
Neuropsychology
The most frequent cognitive deficit in 3A consists of mild intellectual disability. 13 Cognitive problems may be secondary to recurrent hypoglycemia in patients, and subsequent neuron damage, in patients with adrenal insufficiency. 19 However, reports show that the cognitive function may be affected even in patients with normal adrenal function. 19, 47 Cognitive deficiencies have been reported in many pediatric patients with 3A in literature, 19, 42, 59 with some showing IQ to gradually decrease over time. 17 These findings are usually noticed clinically and then confirmed by neuropsychometry. 59 Such data further support the notion to consider impaired intelligence as one of the most consistent clinical signs of 3A syndrome. 59 The extent of deficits ranges from learning disabilities and poor school performance to slight and moderate intellectual disability. 42, 53 Mazzone et al conducted an extensive neuropsychological assessment of a 4-year-old male patient diagnosed with 3A and found the subject to be deficient in a variety of areas with an adaptive level lower than chronological age. 60 Significant deficits in planning competence and attention abilities have also been associated with 3A syndrome. 60 A variety of the disabling physiological and neurologic manifestations often lead to neuropsychological impairments. Additional literature states that patients affected by adrenal insufficiency (Addison's disease) have increased the levels of anxiety and a higher risk for affective and mood disorder. 43, 61, 62 Such extensive psychological investigations have not been performed on 3A patients and should be the focus of future studies.
As intellectual disability and other multisystem neurological symptoms can arise over time, 63 assessment of neuropsychological and psychopathological features should be performed in patients with this disease highlighting the need for a multidisciplinary approach and tailored neuropsychological therapies.
Oral health
Xerostomia has been described in some case reports as a complaint among patients with 3A syndrome, and confirmatory sialometry has showed decreased salivary secretion. 12, [64] [65] [66] [67] Hyposalivation has also been identified as a cause of dysphagia after correction of achalasia. 12 A small, spastic, fissured tongue is characteristic of the syndrome. 68 Premature tooth loss has been described. In some cases this was attributed to decreased saliva production and subsequent tooth decay; 64, 65, 69 however, there have been reports describing permanent tooth loss without an underlying gum, salivary, bone, or tooth pathology. 59 Furthermore, gastroesophageal reflux, which is prevalent in patients with 3A, has been shown to contribute to tooth erosion. 70 Moreover, it has been suggested that there is significant overlap in the symptomatology of patients with 3A and Sjogren syndromes, more specifically in patients that may have been diagnosed with "achalasia sicca". 64, 66 The presence of anti-Ro and anti-La antibodies may make the differentiation between the conditions difficult, and in those cases, salivary gland biopsy may prove useful. 66 We recommend the periodical assessment of adrenal function for patients with unclear diagnosis.
The investigation of salivary function is recommended in patients with 3A syndrome, in order to alleviate symptoms, decrease oral infections, and prevent tooth decay. For patients with decreased salivary function, artificial saliva has been proven effective, and in cases of oral candidiasis, treatment with antimycotics should be intiated. 64, 65 For those with normal salivary function, we recommend strict adherence to dental visits at least every 6 months, as recommended for the general population, 71 as well as routine preventive measures such as meticulous oral hygiene, fluoride-containing toothpaste, and lowsugar diet. Signs and symptoms of decreased salivary flow and tooth erosion should be evaluated at every visit and should prompt appropriate investigation.
Perioperative management
Preoperative evaluation for patients with known or suspected 3A syndrome should include serum electrolytes, 9 am serum cortisol and ACTH levels, ACTH stimulation test, Schirmer test, as well as investigation for autonomic neuropathy. 72 Adrenal insufficiency should be recognized and adequately treated with a stress dose of glucocorticoids the morning of the procedure, to prevent perioperative crisis, [72] [73] [74] [75] while long procedures may require continuous glucocorticoid infusion in the operating room. 72 During the procedure, blood glucose should be monitored, as steroid administration could lead to significant hyperglycemia warranting the administration of insulin. [72] [73] [74] In patients with impairment of autonomic responses, hemodynamic stability may be fragile and requires close cardiopulmonary monitoring for hypotension and arrhythmias, practicing caution during induction and position changes. [73] [74] [75] Protection for the eyes in the form of lubrication should be provided, in order to avoid keratopathy and corneal ulcer, in the setting of alacrima and absent protective corneal responses. 72, 73 For those who have undergone myotomy for the correction of achalasia, there is increased risk for gastroparesis, and aspiration related to incisions on the lower esophageal sphincter. [72] [73] [74] Expert recommendations include the administration of antiemetics, antacids, and head elevation for these patients. 72 
Conclusion
Given the rarity of the condition and the potentially detrimental adrenal insufficiency that is associated with 3A syndrome, we suggest investigation of children presenting with alacrima, achalasia, or other cardinal symptoms of the syndrome. Increased awareness of the disease, followed by vigilant surveillance for the development of adrenal insufficiency, is warranted to improve survival rates. The general practitioner should be able to recognize the diagnosis early, refer patients to the appropriate specialists, coordinate the care of these complex patients, as well as screen for new signs and symptoms at each encounter.
